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ABSTRACT Mouse peritoneal macrophages were used to evaluate the relative cytotoxicity of a

series of diatomaceous earth products in vitro. The amorphous and crystalline silica content of
the products was determined by a combination of infrared spectroscopy and x ray powder
diffraction techniques. The cytotoxicities of the high cristobalite content flux calcined materials
were similar to that of the standard cristobalite; both the natural and straight calcined materials
had significantly greater activities than the flux calcined materials. Thus within the limitations of
the macrophage cytotoxicity test the hypothesis that crystalline content is the only determinant of
fibrogenicity of diatomaceous earth is not supported.

Diatomaceous earth, Kieselguhr or diatomite, is a
mineral found in several parts of the world which,
after suitable treatment, may be used as a filler, as
thermal insulation, as fine abrasive powder, and as
an absorbant of liquids. The deposits of diatomace-
ous earth result from the death of diatoms (unicellu-
lar algae) over thousands of years in shallow bays or
lakes where, as the organic material decomposes,
their shells sink to the bottom and are compressed
by subsequent sediments. The diatoms have an
amorphous silica shell, a portion of which on
calcining can be converted to the crystalline silica
cristobalite, which exceeds 50% of some flux cal-
cined products.
Workers may be exposed to natural and calcined

forms of diatomite. The way the diatomite is cal-
cined (straight or with a flux) results in qualitative
differences in the structural forms of the diatomite
silica. These differences are considered to be impor-
tant for the development of pneumoconiosis.
Indeed, according to Parkes "the severity [of this
uncommon pneumoconiosis] appears to correlate
with the cristobalite content of the dust and the
duration of the exposure."' Before discussing the
known biological effects of diatomite, a review of
the biological effects of various silica polymorphs
may be worth while.
The naturally occurring crystalline silica quartz

can cause silicosis and its presence in the dust from
flint, sandstone, granite, and slate is probably
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responsible for the pneumoconiosis associated with
the use of these minerals. The crystalline silicas
quartz, cristobalite, tridymite,2 and coesite3 cause
pulmonary fibrosis in experimental animal studies
but stishovite does not.4
An extensive range of synthetic amorphous silicas

is manufactured, only a few of which have been
studied for their biological effects. No
pneumoconiosis was found among workers exposed
to precipitated56 or fumed silica7 but evidence of
pulmonary fibrosis8 was found in workers exposed to
amorphous silica dust produced as a byproduct of
silicon metal production. In this process quartz is
vaporised in an electric arc furnace but x ray diffrac-
tion studies have indicated the presence of crystal-
line silica in the dust. Recently, Brambilla et al sug-
gested that pneumoconiosis in a silicon factory was
due to amorphous silica particles.9

Experimental animal studies with fumed
silicas'° " indicated that these materials caused some
tissue reaction but there was no progression to col-
lagen formation. Similar findings were made with a
precipitated silica in animal inhalation studies.'2
Groth et al,'3 however, found early nodular fibrosis
in the lungs of monkeys exposed to fumed silica and
vitreous silica-that is, fused silica or quartz
glass has also been found to be fibrogenic'4 but less
so than quartz.2"

In a major x ray investigation of diatomaceous
* earth workers, Cooper and Cralley found that 9%
had lung changes interpreted as pneumoconiosis and
that an equal number had doubtful changes.'5 The
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prevalence of abnormal chest films was especially
high in employees in the mills, where the dust con-
tained a high percentage of cristobalite. Exposure in
the quarries was associated with a lower proportion
of abnormal films, none of 25 employees who had
worked there exclusively for over five years had a

positive film but 40% showed doubtful linear no-
dular changes. The dust in the quarries was essen-
tially amorphous silica, the quartz content of the
crude diatomite being 2%. The authors pointed out
that this evidence is in agreement with earlier obser-
vations indicating that the risk of pneumoconiosis is
relatively low in workers whose exposure is confined
to crude diatomite as compared with those exposed
to calcined material. Nevertheless, it may be unwar-
ranted to regard the natural material as innocuous as
the dust concentrations in the quarries were not
necessarily of the same order of magnitude as those
in the mill. Franzinelli et al have made similar obser-
vations.'6 Beskow and Omura et al have also
reported cases of diatomaceous earth pneumo-
coniosis but the exact nature of the dust was not
indicated.'7 18

In experimental animal studies Tebbens and
Beard found that inhalation of raw natural
diatomaceous earth (containing no detectable crys-
talline silica) produced no fibrosis in guinea pigs'9
and Swensson found that intratracheal injections of
Kieselguhr into rats had an appreciably less pro-
nounced reaction than quartz." A heated Kiesel-
guhr (800°C for 24 hours), however, produced a
stronger tissue reaction than the natural Kieselguhr
material, although x ray diffraction showed the
absence of crystalline silica in both materials. A
similar result was obtained by Klosterkotter'° using
fumed silica. This material caused some tissue reac-
tion after intratracheal instillation but after being
heated for eight hours at 800°C, while still amorph-
ous (by x ray diffraction), it was highly fibrogenic.
Wagner et al in an inhalation study using calcined

diatomaceous earth (containing 61% cristobalite)

found no parenchymal fibrosis in rats or guinea pigs
but some hyalinised fibrotic nodules in the hilar
lymph nodes of dogs.20
Few in vitro studies have been conducted on

diatomaceous earths. Dusts cytotoxic towards mac-
rophages in vitro usually cause fibrosis in animal
studies2' -23; thus the crystalline silicas quartz,
tridymite, and cristobalite are cytotoxic.2' Davies
found that several synthetic amorphous silicas were
cytotoxic towards macrophages.24 Their (general)
lack of fibrogenicity in animal studies may be due in
part to synthetic amorphous silicas being eliminated
from the lung more readily than quartz.25

Since the factors determining the biological
effects of diatomite are unclear, we examined their
cytotoxicity towards macrophages in vitro. As the
composition of diatomite may be critical, it was con-
sidered essential to characterise the materials under
study by x ray diffraction and infrared spectroscopic
analysis given the changes in composition that arise
during various calcining processes.

Materials and methods

MINERAL DUSTS
Standard cristobalite was supplied by Arbetars-
kyddsstyrelsen, Stockholm, Swedqn. The material is
prepared by heating a-quartz (Fyle quartz) and a
suitably fine fraction (<5 gm) obtained by sedimen-
tation. DQ12 standard quartz26 was supplied by the
Institute of Occupational Medicine, Edinburgh, and
magnetite from BDH Chemicals Ltd, Poole, Dorset.
Seven diatomaceous earth products (B-H in the

table) were examined. The natural material, the
crude diatomaceous earth, would have been dried at
temperatures between 150 and 400°C, the calcined
material heated to 870-1100°C, and the flux cal-
cined material prepared by mixing the crude mater-
ial with a flux, usually disodium carbonate, and heat-
ing to about 1 1000C.'5 Suitable fine fractions were
obtained by sedimentation in distilled water. The

Silica content and biological activity. The amount ofsilica is determined by combined infrared spectroscopy and x ray
diffraction, and the biological activity is evaluated as dust cytotoxicity towards mouse peritoneal macrophages

Code Name Type* a-Quartz Cristobalite Amorphous SiO2 Relative biological
(%o) (%o) (%o) activityt

Estimate 95% Limits

A Cristobalite 0 100 0 0-13 0-12 0-15
B Damolin GM-I n 2-7 0 45 0-20 0-19 0-22
C Filter Cel n 1-0 0 109 0-55 0-50 0-61
D Damolin KM-W c 2-4 0 72 0-16 0-15 0-18
E Standard Super Cel c 0-9 6 100 0-18 0-16 0-19
F Ceca Clarcel CBIJ2 c 0-7 11 94 0-59 0-54 0-64
G Dicalite White Filler f <0-5 77 15 0-13 0-12 0-14
H Ceca Clarcel DIV/2 f <0-5 85 0 0-11 0-10 0-12

*n= Natural; c = Calcined; f = Flux calcined.
tDilution factors, on this scale - DQ12 quartz = 1-00 and magnetite = 0-02 (0-00-0-04).
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samples examined are representative of commer-

cially available products.
DUST CHARACTERISATION
The samples were examined by transmission elec-
tron microscopy. Quantitative assessment of the
silica content was carried out by a combination of
infrared spectroscopy and x ray powder diffrac-
tion.27 Infrared analyses were carried out using a

JASCO IR-A2 spectrometer and the potassium
bromide disc procedure. Diffractometric measure-

ments were carried out with a Philips diffractometer
equipped with a broad focus copper anode x ray

tube and a graphite crystal monochromator.
The infrared techniques provide information of

the total silica content by integration with 10 cm-'
intervals of the silica absorption region at 700-900
cm-'. The x ray diffraction technique yields the crys-

talline silica content. One milligram samples are

suspended in water and filtrated with Nuclepore
filters (pore size 0-8 ,um). A diffraction line from a

silver filter placed under the Nuclepore filter in the
sample holder is used as an external standard for
absorption correction.28 The amorphous silica con-

tent may be obtained by subtraction of the crystal-
line component from the total silica content. The
corresponding calibration constants for the materi-
als are established with Fyle quartz and our laborat-
ory standards of cristobalite and Kieselguhr.

CULTURE OF MACROPHAGES WITH DUSTS
Unstimulated mouse peritoneal macrophages were

obtained by lavage of 22-27 g female TO mice
(Tuck and Son Ltd, Battlesbridge, Essex) with three
ml Medium 199 (Flow Laboratories, Irvine, Scot-
land) containing 5 IU heparin, 100 U benzylpenicil-
lin, and 100 ,ug streptomycin/ml. Approximately 1-2
x 106 cells (in 2 cm3 of the medium) were added to
each well of Linbro tissue culture multi-well plates
(Flow Laboratories, Irvine, well diameter of
24 mm), and left for one hour at 37°C in a 5%
COJ/95% air atmosphere.
At the end of the period the non-adherent cells

were removed by washing with phosphate buffered
saline (PBS) and 2 ml Medium 199 containing the
antibiotics and 10% newborn calf serum (Flow
Laboratories, Irvine) was added. This serum had
previously been heat inactivated (56°C for 30
minutes) and acid treated.29 Cultures were then left
for 24 hours at 37°C in a 5% COJ95% air atmos-
phere before the addition of fresh dust containing
medium.

Stock dust solutions were made up in PBS at
approximate concentrations, ultrasonication being
used to disperse the dust. The dust was added to the
medium containing 10% serum at various concen-
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trations (see results) and left for two to three hours
at 370C before being added to the macrophage cul-
tures. Two ml " dusted" medium were added to each
of three culture dishes that were then incubated for
another 18 hours.
At the end of this period the medium was col-

lected and the adherent cells disrupted by the addi-
tion of 2 ml saline containing 0 1% Triton X100 and
Ol% bovine serum albumin, and by rubbing the
dish with a sterile siliconised rubber bung. Both
medium and cell lysates were centrifuged at 500 g
for 10 minutes and the supernatants assayed for lac-
tate dehydrogenase (LDH) by a continous flow
fluorimetric method30 using a Perkin Elmer model
3000 fluorescence spectrometer.
The release of LDH from the cells into the culture

medium is an indicator of dust cytotoxicity and is
calculated as:
% enzyme released into culture medium =

M
M+-C x 100

where M = enzyme activity of medium and C =
enzyme activity of cell lysate.

ANALYSIS OF RESULTS
It is supposed that each mineral acts as a dilution of
quartz and the factor relating the concentration of
quartz equivalent to a concentration of a mineral is
called the dilution factor. These factors were esti-
mated by calculating regression equations for M/
(M+C) in terms of dose with the common constraint
that the effects should be identical at zero concent-
ration; 95% confidence limits were obtained using
Fiellers theorem. The dilution factors so obtained
are mutually dependent through their common use
of the estimated slope for quartz and the common
intercept.

Results

DUST MORPHOLOGY
Figure 1 shows transmission electron micrographs of
standard cristobalite and the seven diatomaceous
earth materials under study. The samples are not
respirable fractions but each contains a high propor-
tion of materials less than 10 ,um in diameter. The
particles present in the diatomaceous earth samples
have a wide variety of shapes consisting of fragments
of diatom skeletons, the flux calcined samples (G,
H) having an altered appearance.

SILICA CONTENT
Figure 2 shows that the infrared absorption of the
amorphous and crystalline silica overlap almost
completely at 800 cm-'. Typical x ray powder dif-
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Fig 1 Transmission electron micrographs of diatomite materials. A-cristobalite; B-H--diatomite (see table for
identification).

fraction patterns are shown in fig 3; the infrared and
x ray diffraction spectra of the other corresponding
products are similar. The a-quartz content of the
diatomaceous earth materials was low (table). No
cristobalite was found in the natural uncalcined
material or in one of the calcined materials (D)
which had been heated up to 650°C. In the calcined
materials (F & E) 11% and 6% cristobalite was pre-

sent and the flux calcined materials (G & H) con-
tained 77% and 85% cristobalite, respectively. Both
the natural and calcined materials contain amorph-
ous silica, which is significantly reduced in the flux
calcined materials. It will be seen from the table that
the total silica content of some samples is
significantly above 100%. This is mainly due to vari-
ations in material properties, such as particle size,

231



Bye, Davies, Griffiths, Gylseth, and Moncrieff

1200 Cf1800 400

Fig 2 Infrared spectra ofdiatomaceous earth, a-quartz,
and cristobalite. Block letters refer to products (see table for
identification).

between different mineral qualities when only one
Kieselguhr is used as a calibration standard.

MACROPHAGE CYTOTOXICITY
The release of the cytoplasmic enzyme lactate
dehydrogenase from the macrophages (an indication
of cytotoxicity) after treatment with quartz, magne-
tite, and the diatomaceous earth products are shown
in fig 4; their relative biological activity is shown in
the table. The activities of the diatomite products
are dose related and are significantly higher than
magnetite, a non-fibrogenic3' dust. The activity of
two samples (C,F) was high, about 50% of the
activity of standard DQ12 quartz, which is one of
the most cytotoxic of standard quartzes.32
The activities of the high cristobalite flux calcined

materials (G, H) were similar to the standard cris-
tobalite (A). Both the natural and calcined materials
had significantly greater activities than the flux cal-
cined materials but this was not related to the quan-
tity of crystalline or amorphous silica present.

Discussion

It is clear from this work, and an earlier study on

Degrees

Fig 3 X ray diffraction pattern ofdiatomaceous earth
products, a-quartz, and cristobalite. The scan range for
quantitative determinations are: a-quartz: 2600-27-68, 20
(0); Cristobalite: 21 10-22-76, 20 (°); Silver: 37-20-38-87,
20 (). The silver line (111) is used as an external
standard.27 Block letters refer to products (see table for
identification).

synthetic amorphous silica,24 that the cytotoxicity of
silica polymorphs towards macrophages is not
dependent on the presence of a crystalline silica
component. The in vitro cytotoxicity test suggests
that diatomite should be fibrogenic in vivo although
no fibrosis was reported in the one published
study.'8 Possibly amorphous silicas are a group of
materials that give positive results with the in vitro
technique applied in the present study, but may have
low or no fibrogenicity in vivo. More animal inhala-
tion data seems necessary to clarify this issue.
Swensson and Klosterkotter found fibrogenic

effect with certain heated amorphous silicas which
did not contain any crystalline components,'°1' and
it would be useful to evaluate the changes that
amorphous silicas undergo during heating.
No explanation can be given for the cytotoxic

effects of the diatomite products but it is possible
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that the surface hydroxyl groups33 or surface
charge34 could play a part in membrane disruption as
has been suggested for quartz. The morphology of
the particles could also play a part, some of the mat-
erials had fibrous particles and it has been shown
that the cytotoxic effects of fibrous asbestos minerals
are related to their morphology.35
The lower biological activity of the flux calcined

materials is not easily explained but could be related
to alterations in particle morphology during the
fluxing process or the effect the fluxing agent has on
the surface properties of the mineral.
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